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ABSTRACT
We present the iterative design, implementation, and valida-
tion of a collaborative learning application for school chil-
dren designed for a digital tabletop. Digital mysteries, is
based on the mysteries paper-based learning technique. Our
work is distinctive in that the design process, the design
choices, and the implementation framework are all grounded
in theories of both collaborative interaction and learning.
Our hypothesis was that, if well utilized, the digital table-
top’s unique affordances would allow for the creation of col-
laborative learning tools that were significantly better than
traditional paper- or computer-based tools. The two main
design goals for the digital version are supporting external-
ization of thinking and reflection. The evaluation of the final
version yielded strong evidence that use of the application
increases the probability that effective learning mechanisms
will occur and encourages higher-level thinking through re-
flection. We conclude the paper with design guidelines for
tabletop collaborative learning applications.
Author Keywords
Digital tabletops, collaborative learning, CSCL, CSCW, dis-
tributed cognition, externalization, reflection.
ACM Classification Keywords
H.5.3 Information Interfaces and Presentation: Group and
Organization Interfaces—collaborative computing
INTRODUCTION
The benefits of collaborative learning are well established
[1, 3, 22]. Research in computer supported collaborative
learning (CSCL) has mostly been confined to networked en-
vironments where the learners collaborate synchronously or
asynchronously, co-located or distant, but rarely in a face-
to-face setting [5]. In fact, comparisons between CSCL and
face-to-face collaboration are often presented as mutually
exclusive [17]. Moreover, CSCL tends not to emphasize
small groups, two to five learners, despite the realities of
school classroom organization. Stahl [22] refers to such
Figure 1. Students using the final version of digital mysteries.
group sizes as the engine of knowledge building, and con-
trasts this with the two prevalent metaphors of learning [21],
the acquisition metaphor (relating to the individual) and the
participation metaphor (relating to the community), both of
which overlook the small group.
Conversely, digital tabletop technologies have the unique ad-
vantage of being able to bring computer support to small
group, face-to-face, collaborative learning. Digital tabletops
have large-horizontal interactive surfaces that allow simul-
taneous multi-user support. When compared with other co-
located collaborative settings, such as shared computer dis-
plays, or interactive whiteboards, digital tabletops are found
to encourage users to change roles more, explore more ideas,
enhance awareness, and to provide a more comfortable so-
cial environment [19]. Research subsequent to Wellner’s
original proposal [25] has focused on specific issues such as
space [20], orientation [8], and group dynamics [12]. Early
applications were small, developed for the specific issue un-
der investigation, and exploratory in nature. Only in re-
cent years has more substantial research at the application
level started to emerge, and more specifically applications
addressing problem solving and learning [16, 5, 18, 15, 11].
We present the iterative design, implementation, and vali-
dation of a collaborative learning application for schoolchil-
dren using a digital tabletop. We based our application on a
paper-based higher level thinking learning technique called
mysteries [9]. Our work is distinctive in that the design pro-
cess, the design choices, and the implementation framework
are all thoroughly grounded in theories of both collaborative
interaction and learning. Using an iterative design process
we moved from paper mysteries through three iterations of
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a digital tabletop application which we evaluated in 22 tri-
als conducted at a school over an 18-month period. We had
to address the fundamental problem of how to validate that
the application increases students’ learning. Our approach
was to focus on the observation of activities that, according
to learning theories, give rise to learning. For example, how
externalization increases activities such as discussions and
disagreements, and the occurrence of acts of reflection on
the learning experience. Though less direct than verifying
learning directly, such an approach has the advantage that
we can concentrate on the assessment of the tool’s support of
the activities it was designed for, which are more readily ob-
servable. If the design goals are achieved then the theories of
learning tell us that they will promote learning. Our hypoth-
esis was that the digital tabletop’s unique affordances would
allow for the creation of collaborative learning tools that
were significantly better than traditional paper- or computer-
based tools. The application is explicitly designed to exploit
the benefits of digital tabletops, and its evaluation yielded
strong evidence that its usage encourages higher-level think-
ing and increases the probability of effective learning.
RELATED WORK
Only in recent years have we started to see real-world ap-
plications developed on digital tabletops targeting problem
solving or collaborative learning tasks. Hilliges et al. [5]
designed a brain storming application that used a horizon-
tal tabletop for idea generation and a vertical surface for
discussions. Tools were used to externalize ideas, but the
design reflected the primary goals of brain storming as an
activity which favors quantity over quality, preventing dis-
agreements, and encouraging divergent thinking. Morgan
and Butler [11] considered a range of theories (including
distributed cognition) in the design of collaborative learning
tools, and proposed a number of (unimplemented) design
features for concept mapping and storytelling applications
based on notions of division of labor and role assignment.
Rick and Rogers [18] adapted a desktop learning application,
DigiQuilt, to a tabletop environment. Their focus was on the
adaptation process, and how learning theory can be used in
the process. Although their account focuses on the design,
and does not evaluate the result, they raise a key question as
to the validation, and whether the new application will ben-
efit as a result of the new interface. Piper and Hollan [15]
studied the impact of digital tabletops on learning but in the
context of study pairs which they contrasted with study pairs
using paper materials. Piper et al. [16] developed a tabletop
application for people with social skill difficulties to be used
in group therapy to help improve group working skills. The
collaborative setting varied in these applications from work-
ing from one side of the table to working from fixed posi-
tions on opposite sides, but none catered for mobile users.
MYSTERIES
We chose mysteries [9] as our collaborative learning tool.
Mysteries was created as a tool for the development and as-
sessment of students’ higher-level thinking in which their
cognitive processes are made evident through their manipu-
lation of data slips to solve a mystery. The tool was origi-
nally developed using paper slips which students manipulate
on a traditional table. Students are given a mystery with
an open question, and a number of paper slips containing
clues (see Figure 2 for which the question is “Will Kyle skip
school on Friday and why?”). The information on the slips
can be facts, background information, abstract ideas, or red-
herrings. The tool focuses on the physical manipulation of
the slips of paper and the cognitive skills associated with
these actions. Through talk, students achieve levels of think-
ing that they are unable to achieve alone and thus provides
an opportunity for the creation of their zone of proximal de-
velopment [26]. Teachers can assess the level of thinking of
the students through careful observation of the students en-
gaged in the activity. In solving a mystery, students usually
go through three stages: a reading stage, a grouping stage
which involves categorizing the data, and a webbing and se-
quencing stage for building sequences and cause-effect rela-
tions that explain their answer. As a collaborative learning
tool designed to be used on traditional tables with a wide ac-
ceptance in the educational community, adapting mysteries
to digital tabletops posed an interesting challenge.
DESIGN GOALS
Externalization
When students collaborate to solve a problem, they engage
in activities such as explanation, disagreement, and mutual
regulation. According to Dillenbourg [3], these activities
trigger cognitive mechanisms including knowledge elicita-
tion, internalization and reduced cognitive load. Such ac-
tivities generally occur more frequently, but not necessar-
ily, in collaborative learning than in individual learning. A
good collaborative learning application should therefore be
designed to increase the probability that students engage in
such activities. Despite the importance of creating a space
for negotiation in collaborative knowledge building [3, 22],
computer support for negotiation withing a learning context
is yet to be thoroughly explored [22].
Stahl [22] remarked that studying group cognition is consid-
erably easier than studying individual cognition, as when a
group collaborates in a learning activity “they must display
to each other enough that everyone can judge where there
are agreements and disagreements, conflicts or misunder-
standings, confusions and insights” ([22], p. 222). Although
Stahl’s primary focus was on network based environments
(synchronous and asynchronous) his account of group cog-
nition highlights the concept of externalization as a catalyst
for useful learning. The more the application encourages
and helps students to externalize their thinking, by making
it visible on the table or through discussion, the greater the
probability that they will need to explain their thinking.
Reflection and feedback
Students can improve their learning experience through prob-
lem solving when they reflect on how they solved the prob-
lem and consider their mistakes and alternative approaches.
In fact, some researchers go as far as considering reflection
to be “the ultimate expression of education” [1], and Collins
and Brown emphasized the importance of reflection in char-
acterizing computer-supported learning as “a powerful, mo-
tivating, and as yet untapped tool for focusing the students’
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attention directly on their own thought processes” [2].
Mysteries is a higher-level-thinking learning tool, that has
been design to encourage students to attend to their thinking
process during the task. For our digital version of mysteries
we also sought to foster an awareness of the idea of metacog-
nition (thinking about thinking) itself. While solving a paper
mystery includes a degree of externalization of thinking, for
example, in the layout of paper slips on the table, paper mys-
teries offer little encouragement to students to attend to their
own thinking processes. This can only be achieved through
video playback which is time consuming and not practical
in a typical classroom context. This is an aspect of learn-
ing where digital technology, and in our case digital tabletop
technology, can have a significant impact [13, 2].
Externalization, reflection, and the feedback provided, also
have the potential to support the teacher’s observation, provi-
sion of scaffolding, and assessment of students’ thinking and
problem solving strategies. The introduction of a reflection
stage, designed to be run by the teacher, could provide rich
feedback to the teacher as to how students solved a mystery
and how they thought about it. Such feedback is considered
to be one of the most valuable forms evidence that can be
used to support teaching and learning [4].
Other design goals
We also aimed to realize a number of other important con-
cepts in computer supported learning, for which we do not
provide further discussion or analysis (due to space restric-
tions). These include: forcing moments of collaboration [3,
16], the provision of adequate levels of scaffolding [1, 22,
15], and allowing for self-monitoring and promotion of par-
ticipation awareness [3, 7, 10, 16]. Inevitably we also sought
to create an application that utilizes the unique affordances
of digital tabletops. We sought to investigate how tabletops
can enhance paper mysteries, yet maintain the advantages of
traditional face-to-face collaboration. Table 1 summarizes
the main features of digital mysteries on the tabletop and the
corresponding limitations of paper and desktop settings.
DISTRIBUTED COGNITION AS A DESIGN FRAMEWORK
Distributed cognition (DC) theory [14, 6] is the basis upon
which we sought to realize our goal of supporting students
to externalize their thinking. A DC analysis of a certain
work practice must include the functional system, its in-
puts and outputs, the intermediate representational forms,
the goal and background of the activity, the available re-
sources, and any environmental factors that contributes to
the accomplishment of the task [14]. When designing a
system for a classroom, we cannot realistically control the
people or the environment, but we can control the elements
of the resources that include the tools, and the representation
states involved. The hope is that with a good design, the sys-
tem will positively affect the people and the work environ-
ment leading to better interactions and enhanced learning.
The Tools
Digital mysteries was developed for a top-projected proto-
type multi-pen horizontal Promethean Activboard (1024 ×
768 resolution). Activboard uses a solid front projection sur-
face which students can (and do) safely lean on, giving it
many of the physical affordances of a real table. This board
reacts to three battery-free pens that look and feel like nor-
mal whiteboard pens. The two principal physical tools in-
volved in digital mysteries are the table and the pens. In
designing the application we anticipated its use on either
a pen-based or a touch-based platforms. Consequently, for
the pen-based Activboard we focused on maintaining direct
touch interaction and the use of an interaction technique suit-
able for both pen-based or touch-based input.
The social affordances of traditional tables underpin the col-
laborative learning environment and establishes the condi-
tions for effective learning activities, including conversation
and argument, by allowing people to have fluid, face-to-face,
barrier free communication. The horizontal surface of the
table allows physical support and provides a space that can
be used to reduce cognitive load [6]. Moreover, tables al-
low people to use the surface to structure and mediate group
collaboration [24, 8, 20].
Feature Tabletop Paper Desktop
Structuring the task X × X
Externalization tools X × X
Scaffolding X × X
Reflection tools X × X
Face-to-face collaboration X X ×
Multi-synchronous input X X ×
Affords mobility X X ×
Large horizontal space X X ×
Forcing collaboration X × ×
Participation awareness X × ×
Table 1. The main features of digital mysteries.
Representation states
The approach used by DC to understand interactions be-
tween people and technology is to study the transformations
of representation states during the process. DC places a clear
emphasis on representation states and their importance to
cognition. Representation states are not necessarily bound
to material objects, but may be mental representations, au-
dio representations expressed in conversation, or physical
movements such as gestures. Representation states are trans-
formed by tools. Thus a mental representation may be trans-
formed into a written note on a piece of paper. The concept
of cognitive tools, and how they can be used to make mental
representations visible, played a significant role in shaping
the design of the externalization tools for digital mysteries.
MYSTERIES: FROM PAPER TO DIGITAL
First iteration: design
The first stage in our iterative design process was an explo-
ration of how students solved a paper based mysteries “in the
wild” (i.e. in the classroom) and how this might differ from
a very basic digital version of mysteries, that is, a digital
translation of the paper mysteries with a basic set of fea-
tures for moving, rotating, and resizing digital versions of
the paper slips. These actions were all performed by click-
ing or dragging on icons located at the corners of the slips.
To overcome the projector’s low resolution, slips were by
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default displayed at a size at which text on the slip was not
easy to read and we provided an enlarged mode for each slip
at which all the details are clearly legible. We also provided
the facility to draw on the background with the pen.
First iteration: trials and observations
Two paper-based trials, and two digital trials, were conducted
with four different groups of three students aged 11-13 years.
The main goals of these trials were to understand the general
behavior of how students solve mysteries, identify break-
downs in the process, examine how well the layout of the
slips reflects the thinking of the students, and to make gen-
eral observations to guide the initial design. Observations
were made by repeatedly watching the video recorded ses-
sions.
Breakdown moments
For the paper version, we noticed that in one case a group
lost the red herrings pile and had to reexamine the groups to
locate it. In another case an accidental movement scattered
the layout and students had to re-work it again. When dis-
cussing paper slips that were part of a sequence or a group,
and due to the slips’ small size, students felt the need to
pick them up. For the digital version students made use
of the ability to write and mark areas on the background.
They drew circles around grouped slips, named the groups,
drew lines and arrows to connect slips, and wrote short notes.
However, drawing on the background lost its value (and caused
confusion) when the group or some of its slips were moved,
leaving empty circles, or connecting lines that either pointed
to nothing, or to the wrong slips. Drawing was a light-weight
action, but did not prove to be useful as the drawing ac-
tion, whether for writing or drawing lines, went unnoticed
by other students and did not result in discussion. Neverthe-
less, a clear need to define relations, distinguish groups, and
mark slips with certain comments was established.
General layout and externalization
The layout of the paper slips during the mystery reflected
little of what the students were thinking. Paper slips were
scattered into a small number of piles and adjacent slips. It
was not clear whether paper slips next to each other formed a
sequence, a pile that was organized in this way, a red herring
pile, or simple a bunch of unattended slips (Figure 2). In a
discussion with the students after the trial, one student said
“we read them lots and we had them in our heads so we were
moving them around in our heads.” Students frequently used
terms like “these” and “those” to refer to the groups (which
were not named) and unless the other students were pay-
ing attention to associated deictic gestures, misunderstand-
ings occurred. For the digital version, the layout was also
not readily understandable to an external observer. Students
created only one or two collections of slips in each session
and created numerous scribbled annotations on the table that
quickly lost their reference as slips were subsequently ma-
nipulated (Figure 3).
Common observations between paper and digital mysteries
For both the paper-based and the the digital mysteries, it was
clear that the tools did not help students externalize their
Figure 2. Paper mysteries - 1st iteration (at the final stage of solving the
mystery): It is not easy to understand what the students are thinking
by just looking at the layout.
Figure 3. Digital mysteries - 1st iteration (at the final stage of solving
the mystery): It is not easy to understand the layout, and the back-
ground annotations become confusing as the slips are moved.
thinking. There was no clear distinction between the read-
ing, grouping, and webbing and sequencing stages that high
achieving students usually go through in solving paper mys-
teries. Students started grouping as they were reading, with
little focus on the most important webbing and sequencing
stage. Other than some small sequences, many slips were not
considered to be part of the solution. One group using the
digital mysteries did not perform any sequencing and stated
their conclusion as soon as they finished grouping. The dig-
ital version added little to the learning experience, and in
both cases students had to be monitored very closely by the
teacher in order to understand what they were doing and to
assess their level of thinking. This left little opportunity for
students to reflect on their work (a task that needed to be
driven entirely by the teacher). In both the digital and paper
cases students lent on the table much of the time and moved
around it as they worked.
Second iteration: design
Interaction technique
The initial trials identified the difficulty that students had in
targeting small icons using a point and click technique. As
an alternative, we used a crossing-based polar menu derived
from the polar gates [23] technique, which was specifically
designed for tabletops, to allow resizing and rotation in a
single action (Figure 5-left). From observing how students
worked with slips in the first version, we decided to only
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support three size modes: normal mode (readable but not
always showing the full details), an enlarged mode (full de-
tails), and an iconic mode; and we did not allow variable
resizing.
Externalization and cognitive-tools
Guided by distributed cognition theory, our second iteration
sought to create a set of cognitive tools that would help trans-
form students’ internal representation states to forms visible
on the table. In particular we wanted to make visible the
groups, relations, and other thoughts that the students had.
For this we added a grouping tool, a relation tool, and a post-
it note tool (Figure 4). For the grouping tool, we were seek-
ing to avoid the situation where students just pile up slips
without thinking explicitly of what the pile represents. By
selecting the grouping tool, the application asks for a name
for the group. When the group dialog box appears, a soft
keyboard is maximized, and the application stops all other
interaction so as to focus all the students’ attention on the
activity of creating a new group. Groups are represented
by semi-transparent, re-sizable, rectangular areas. A slip is
made part of a group by dragging it inside the group area.
The relation tool allows a student to mark tightly related slips
or to build a sequence. When selected, a small sticky-tape-
like shape is created on the table. If the sticky tape is placed
on two adjacent slips, they will move together and it be-
comes clearly visible that these two slips are related. An im-
portant property of slips that have been associated through a
group or relation is that they can be collectively manipulated.
The post-it note tool aims to encourage students to record
their thoughts for themselves and for others. When the post-
it tool is selected, a small post-it-like rectangle appears on
the table and the soft keyboard is enlarged. Notes can be ma-
nipulated (rotated, re-sized, grouped, or sticky taped to an-
other slip) just like normal slips. These tools, in addition to
making students thinking visible on the table, create a space
for discussion, explanation, and disagreement around the act
of creating and using them.
Figure 4. The cognitive tools: group (dark blue area); note (yellow slip),
normal (no arrow) and directional (for the sequencing stage in the final
version) sticky tapes. Slips are shown in their iconic and normal sizes.
Structuring the task
When a group of high achieving students solve a paper mys-
tery, they typically do so in three stages: reading the slips,
grouping the slips, and putting the slips in branched sequences
[9]. The last two stages corresponds to two different per-
spectives on the problem, or in terms of DC theory, two
different representation states for the problem; the first in
terms of relations and categories and the second is in terms
of time sequences and cause-and-effect. These transforma-
tions make it easier for the students to reach a conclusion.
Moreover, classifying and sequencing data are fundamental
cognitive skills that provide opportunities for reasoning and
negotiation [26]. Our second iteration of the digital myster-
ies design aims to emphasize these tasks, and enforce these
different representation states, by dividing the application
into stages. This division enforces a structure to the task
which in turn has its own educational benefits [3, 1, 7]. For
each stage, the application displays a set of clear and simple
instructions about what is required from the students, and
how to proceed to the next stage.
The reading stage starts with all the slips displayed as icons
and does not provide any tools apart from being able to ma-
nipulate the slips. When the application detects that all the
slips have been enlarged at least once, it assumes that all the
slips have been read, and moves on to the next (grouping)
stage. The grouping stage makes three externalization tools
available: grouping, sticky tape, and post-it note. Other tools
are provided: a save/restore, help, and a participation pie
chart tools . The grouping stage ends when all the slips have
been grouped. Two pre-defined groups are provided: a red-
herrings group and a background information group. Empty
groups, sticky tapes, and post-it notes may be deleted by
throwing them into a trash area. When the last slip is placed
into a group, the application moves to the final sequencing
and webbing stage. This stage does not provide new tools,
instead the goal is to arrange the slips in a branched sequence
layout that reflects the reasoning of the students; showing the
sequence of reasoning and cause-and-effect relations. This
stage finishes when the students agree amongst themselves
that they have completed the task. The second iteration of
the design also has number of additional features (see Table
1) that we do not discuss due to space restrictions.
Second iteration: trials and observations
For the trials of the second iteration prototype we integrated
the Activboard hardware into a custom made large table (Fig-
ure 1). The table was permanently installed in a local high
school where we ran six sets of trials using different groups
of three students aged 11-13 years. Three new mysteries,
of different levels of difficulty, were created for this purpose
and assigned to groups based on advice from the teacher and
her knowledge of the achievement levels of the students. Our
(video) analysis here focuses on the weaknesses found in the
design that called for improvements, and we reserve our de-
tailed analysis for our account of the final design.
Interaction technique
Students did not have any difficulty learning and using the
interface, including the crossing-based polar gates interac-
tion technique. With direction from the teacher they typ-
ically only spent 5-10 minutes to learn about mysteries in
general, and features of the digital mysteries application in
particular. Students worked from all sides of the table, demon-
strated a degree of mobility (around the table) and used the
orientation technique to rotate slips in different directions.
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Grouping stage
In the new design students were forced to create groups, but
the number of groups created and the names given to groups
differed across the trials. Four of the six student groups
created only one or two new groups, while another group
of students created five new groups in addition to the red
herrings and background information groups. Group names
also ranged from ‘g1’ and ‘g2’, to more descriptive names
such as ‘reasons 4 being late’. The sticky tape tool was
very popular and most students used it with some enthusiasm
to associate strongly related slips. Different student groups
used notes to different extents, with one student group using
none and another creating 8 notes during the session. When
used, the notes gave a clear picture of what the students were
thinking of. However, this was more true for groups identi-
fied as high achieving by the teacher, while low achieving
students created fewer groups, used less descriptive names,
made fewer relations, and wrote fewer notes.
Sequencing stage
The obvious weakness of the application was in relation to
the sequencing stage. Only two groups created appropriate
sequences (with some branches). One group created a linear
sequence without any branching, and the other three groups
did not create any kind of sequence. Two groups of these cre-
ated piles of slips with sticky tapes on them, and another left
the slips in their groups. Nevertheless, this shows that the
application made the distinction between higher and lower
achieving groups (as previously identified by the teacher)
readily observable.
Third iteration: The design
Most aspects of the tools provided in the second iteration
were successful in satisfying their design goals, but still more
improvements can be made, particularly for low achieving
groups. The principal goals of the final design were to: (1)
encourage students to undertake more extensive and explicit
grouping of the slips; (2) teach students to do proper se-
quencing and webbing; (3) provide integrated scaffolding
for low achieving groups; and (4) add support for reflection
and make students more aware of the problem solving strate-
gies they have employed.
Improvements in the grouping stage
When it occurred, the creation of a group and giving it a
descriptive name was found in many cases to trigger useful
moments of discussion. For the new version, students are
asked to create at least four new groups in addition to one
pre-defined red herrings group. Group names were required
to have at least three letters; otherwise, the application re-
minds the students to use meaningful names. To increase
the students’ awareness of the quality of their grouping, we
also incorporated a traffic-light-like presentation of the qual-
ity of the grouping, with a rating based on the number of
groups that contain two or more slips (Figure 12). If the
students put all the slips in less than four groups, the appli-
cation shows a dialog informing them that their grouping is
not good enough (to induce reflection). The application also
provides tips, in the form of a post-it note, as to other possi-
ble groups based on meta-data associated with the mystery.
We also removed the save/restore, help, and statistics tools
of the previous iteration as they were not used in previous
trials, retaining only the grouping, post-it, and sticky tape
tools (Figure 5).
Figure 5. Slip manipulation polar menu: The inner ring allows for
switching between normal, iconic, and large size; and the outer ring is
used for rotation (left). The group, sticky tape, and note tools available
in stage 2 (middle). Group, normal sticky tape, directional sticky tape,
note, participation charts, and finish tools available in stage 3 (right).
Improvements in the sequencing stage
In addition to the normal sticky tape tool, we added a direc-
tional sticky tape tool (with an arrow, see Figures 4 and 5)
in the hope that its shape would more strongly imply a se-
quence or a cause-effect relation, and that the normal sticky
tape would be used only to mark strongly related slips. The
provision of two options to relate slips, which aims to en-
courage students to think more of the type of tape to use, is a
good example of how DC theory (and its use in interpreting
observations of use) can drive tool development. We also
added a finish tool (Figure 5) as in previous versions stu-
dents had no way of signaling that they have finished their
sequence; this left stage three open-ended and the teacher
usually had to end the session.
We also added a reflection step to address our observation
that many students completed the sequencing stage with ei-
ther a number of piles or a linear-unbranched sequence. When
the students use the finish tool to end the stage, they are pre-
sented with a dialog with three images of different layouts:
a number of piles, a linear sequence of slips, and an ‘ideally’
branched sequence (Figure 6) and they are asked to select
the layout that most resembles their own. Each student has
to confirm the selection independently. If the layout chosen
is not the branched sequence, hints on how to improve the
sequence, based on mysteries meta-data, are provided in the
form of a post-it note and the application resumes in the se-
quencing stage. If the students select the branched sequence,
stage three ends. We noticed in the previous design that even
though students say that they have finished, there were cases
where they had not discussed a common answer and had dif-
ferent opinions. In the new design we sought to encourage
students to discuss their answers and reach a common con-
clusion, and upon completion of stage three the application
asks the students to write down a single answer and indepen-
dently confirm it.
The new reflection stage
Nunes et al. [13] suggested that in order to bring students’ at-
tention to the thinking strategy they employed, and to be able
to assess if the students were aware of this thinking strategy,
the problem chosen must be open ended, with various steps
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Figure 6. Sequence evaluation dialog. Students are asked to select a
layout that resembles theirs, and have to all confirm by pressing their
own OK button. Tips are provided if students select the piles or linear
sequence option.
Figure 7. Moving from simple linear sequences to a properly branched
sequence following the tips from the sequence evaluation dialog (Group
2, 3rd trial).
to be solved, allow different strategies to be used and that
hints and feedback to students should be provided when nec-
essary. The design of digital mysteries with its open ques-
tion, structure, and hints, satisfies a number of these require-
ments. However, Nunes et al. [13] also suggested that such
problems need to be ended with activities that induce the stu-
dents to think about how they solved the problem. With this
in mind we introduced a reflection stage as a final activity to
encourage students to think back and reflect on their solution
and their problem solving strategy.
The reflection stage starts after the students agree on their
final answer. This stage is designed to be run under the su-
pervision of the teacher. The reflection dialog (Figure 8)
allows a recording of the whole session to be replayed at
different speeds. The recording removes delays between ac-
tions which greatly reduces the duration of the record of a
whole session. The reflection tool shows the duration of
each stage, and four screenshots of the layout: at the be-
ginning of the session and at the end of each stage. It also
highlights important moments where the application gave
feedback upon a failure to do proper grouping or proper se-
quencing. Clicking on any of the images, or the highlighted
moments, moves the progress bar to that point in the session
so the teacher can quickly identify and facilitate discussion
about key moments in the session. Reflection is known to be
far more effective when it focuses on the problems in a pro-
cess rather than merely providing playback [2]. An impor-
tant feature of this stage is that it is possible to pause at any
point in time, and to manipulate the slips as in a regular ses-
sion. This allows the teacher and the students to discuss and
actually explore different scenarios such as creating an addi-
tional group, or modifying a certain sequence. Being able to
watch a quick playback of the whole session should increase
students’ awareness of their problem solving process. With
proper guidance from the teacher, they can realize their mis-
takes and work on improving their strategy in later sessions.
This reflection stage is similar to the stimulated recall ses-
sion suggested for the paper mysteries [9], but with digital
mysteries, this can be conducted far more easily and flexibly
(and without the need for video recording). With the reflec-
tion dialog controls, this session becomes an integrated part
of the learning experience.
Figure 8. Reflection stage control dialog. The four images show the
layout at the beginning of the mystery and at the end of each stage. The
progress bar distinguishes each stage with a different color, and the
small white arrow on the progress bar highlights an important moment
(in this example where a sequencing tip was provided). Clicking on any
of the images or the arrows, moves the recording to the corresponding
point in time.
Third iteration: The trials
We performed a total of twelve trials of the final design us-
ing six groups of students (three students per group). Two
groups had participated in the previous set of trials. The
ages of students ranged from 11 to 14 years and we prepared
four new mysteries of increasing difficulty. All six groups
attempted the simplest mystery, and two of the groups went
on to attempt the three remaining mysteries (in order of in-
creasing in difficulty). For these repeated trials, we chose
one of the high achieving groups (as identified by their class
teacher), and one of the low achieving groups to allow us to
contrast the repeated use of digital mysteries by students of
different abilities. The repeated trials were conducted within
a two week period, with a 1-3 day period separating each
trial. All the sessions were video recorded and we focused
our analysis on key interactions which, as Stahl [22] sug-
gested, span only a couple of minutes and can provide good
evidence as to the desired outcomes. We specifically exam-
ined evidence from interactions likely to increase the proba-
bility of effective learning behavior resulting from tools pro-
moting discussion, thinking being externalized, reflection by
the students and learning from repetitive use.
Tools and the promotion of discussion
Table 2 shows a quantitative analysis of the number of groups
and notes created during each mystery session, and the num-
ber of associated discussions. The sticky tape actions are
not included here because they were used very often during
stage three and it is not possible to identify discussions that
are directly related to them. From the table, we see that out
of the 60 groups created, 51 of them (85%) were accompa-
nied by some form of discussion regarding the group and
its name (Figure 9). Also, out of the 28 notes created, 21
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of them (75%) were accompanied by discussions regarding
their contents (Figure 10).
Session Groups Groups Notes Notes
created discussed created discussed
Group 1, T1 5 5 2 1
Group 1, T2 6 6 3 1
Group 1, T3 5 5 5 5
Group 1, T4 6 1 4 2
Group 2, T1 4 4 0 0
Group 2, T2 4 4 0 0
Group 2, T3 5 5 0 0
Group 2, T4 4 4 0 0
Group 3 5 4 2 2
Group 4 8 8 6 6
Group 5 4 1 1 0
Group 6 4 4 5 4
Total 60 51 28 21
Table 2. Number of groups and notes created, and the corresponding
number of discussion activities.
Student 1 (pointing to a slip): Could that be education?
Student 2: That’s like a hobby
Student 3: It’s a hobby. Do you want me to make a thing for the hobby?
Student 3 creates a group and names it ‘hobbies’.
Student 1 creates a group and names it ‘1122’
Student 2: Shouldn’t we put like em (pause) so we know what’s it’s
about and stuff than 1122
The group is deleted, and student 2 creates a new group
Student 2: We are going to call it ‘where she lives’
Figure 9. Examples of a discussion around creating a group (Group 4).
Student 1: We need one for that. What was that one about? (pointing to
one of the slips)
Students 2: A farm shop that was opened then closed
Student 1 types while student 2 dictates Farm shop open but closed a year
later
Figure 10. A discussion around creating a note (Group 1, T3).
Externalising thinking
Examples of layouts at the end of grouping (e.g. Figure 12)
and sequencing (e.g. Figure 13) stages clearly show how the
clearly marked named groups, the notes, and the two types
of sticky tapes help in making students’ thinking visible on
the table, and by comparing layouts from different groups, it
is evident that the layouts also reflect the level of that think-
ing. Figure 11 shows examples of how students used notes
and sticky tapes to externalize what they are thinking of, and
how the use of these tools attracted the attention of the other
students, and consequently creating more space for discus-
sion. The figure also shows how students understood the
distinction between the two types of arrows and used the di-
rectional arrow for cause and effect and time sequences.
Reflection & students awareness of thinking (metacognition)
Clear evidence of metacognition, as a result of the applica-
tion design, was found during the reflection stage for Group
1 (T2). When the teacher asked the students about which
techniques they used, from a list of learning techniques writ-
ten on the wall of the room, one student replied that they
have used “thinking about thinking, because we’ve thought
about how we could have thought about it.”; and another
student said “we’ve already starting getting strategies and
Student 1: <Student-2-name> is making something
Student 2: I am making a note
Student 3: What’s the note. Move the note so I can see it (student 3 starts
reading what student 2 is typing)
The note created reads “well if it is hot she will suffer and if she goes 2 a
cold place it is sometimes hot so where can she go”
Student 1 created a sticky tape and linked two slips together.
(After a little more than a minute)
Student 2: Why are they related? (asking student 1 pointing to the two
related slips)
Student 1: Because she can go and do, she can go canoeing and the. It’s
a winter isn’t it sport? And go canoeing in winter you know.
Student 3: How, but the water is frozen?
Student 1: Not necessarily
Student 1: Most of these ones are together because if she takes that job
(pointing to the job slip) then she will be able to afford a car, so put an
arrow first
Student 1 creates an arrow, rotates it, and puts it in place
Student 2 creates a second arrow, rotates it, and then puts is in place
Figure 11. Examples of how notes and sticky tapes help students exter-
nalize their thoughts and attract others attention.
Figure 12. State of the mysteries application at the end of the grouping
stage (Group 1, T2).
build on them”. Figure 7 shows an example of how one
group moved from a linear sequence to a branched sequence
as a result of the opportunity to reflect (and hints) provided
by the dialog at the end of the sequencing stage.
Did students benefit from repetitive use?
For Group 2 (T3) the students quickly read the slips in a
distributed manner, so each of them read only a subset of
the slips. As shown in Figure 14 during the reflection stage,
the teacher pointed out that the students had spent less then
two minutes in stage one. The subsequent reflection on this
led to a productive change in problem solving strategy in the
next trial.
In short, the cognitive tools provided, as we have shown
in the examples, attracted the attention of the students and
triggered useful discussions among them. The layouts were
easily understandable and clearly reflected the thinking of
the students. The combination of enforcing a structure with
reflection moments at the end of each stage, and the final re-
8
Figure 13. A final layout of the mysteries application (Group 1, T2).
flection stage itself, made students more aware of their think-
ing. The positive impact of this was more apparent for low
achieving children who with repetitive use started to learn
from their mistakes and as a result performed better. From
this final set of trials, we can confidently assert that the ap-
plication, which has evolved through 3 iterations, satisfies
the educational design goals.
DESIGN GUIDELINES AND CONCLUSIONS
Careful analysis of the 22 sessions provided us with evidence
for a number of general guidelines as to the design of collab-
orative tabletop learning applications.
1. Encourage externalization: Transforming ideas into forms
visible to others frequently triggered useful discussions
among students. Making students thinking visible on the
table also helps the teacher in evaluating the students’ in-
teractions with the application. Students should have tools
to express every decision, and these should require them
to reach a common answer after discussing their opinions.
2. Provide a rich set of cognitive tools: If an idea can be
represented in more than one way, provide more than one
tool to express it. The simple improvement made on the
sticky tape by providing an arrow shaped alternative made
students think more carefully as to which type to use and
triggered further discussions.
3. Provide a structure to the task: In addition to the gen-
eral educational benefits achieved by structuring problem
solving tasks, structure is useful in: (1) providing ‘think
back’ moments at the end of each stage (students are given
Teacher: It took you no time to get from there (points to beginning) to
there (points to the end of the reading stage).
Student 1: Is that good?
Teacher: You are going to answer that question in a second yourselves.
Student 2: Because we didn’t really read them.
Teacher: Didn’t really read them?
The teacher explained to them that they should have read them together and
how to do it next time.
Same group in the next trial, the students are about to start:
Student 1: Alright let’s start reading them
Student 2: One at a time, one at a time.
During the reflection stage:
Teacher: What did you do differently from yesterday?
Student 1: We did better than yesterday
Student 2: We read one at a time
Student1: And we put it aside
Teacher: What were the effects of doing that? was it better, was it
worse? (all said better)
Student 2: Because we all knew what was going on.
Teacher: So did it help you when you got to your grouping stage?
Student 1: Yes, we were all working as a team
Figure 14. Example of how the reflection tool led to a productive change
in collaborative problem solving.
a chance to evaluate their progress and identify mistakes);
(2) providing an opportunity to automate help at optimal
points in time (rather than using help-on-demand).
4. Design for different ability levels: Providing support or
scaffolding based on students performance means that the
application will behave differently for high achieving stu-
dents than for low achieving students, and will change as
student performance improves.
5. Support reflection: Students performance improved most
(with repeated use) in relation to aspects that they dis-
cussed in the reflection stage. Digital technology can pro-
vide structure and logging which can be exploited in the
design of reflection tools (as in our reflection stage).
In future work we hope to address the issue that whilst our
application helped students engage in the process of reflec-
tion, we did not observe clear cases of planning ahead for
the whole session or for each stage. We expected to see
some discussions at the beginning of each stage, but this did
not happen apart from very limited discussions by the high
achieving groups. An additional design goal is to support
planning. For example, with the help of the reflection tool
students should be able to assess the plan they chose and
improve on it in later sessions. Moreover, for low achiev-
ing groups, we noticed that their focus shifted to building a
proper looking layout rather than the quality of the answer.
Although we might expect this to improve with further re-
peated use, as they improve their strategy and start to focus
on the answer, the introduction of a narrative task, for which
they have to utilize the built sequence, might encourage them
to focus on creating a logical story during the sequencing
stage.
The iterative development and evaluation of our mysteries
application demonstrates that much of its success is due to
the grounding of key aspects of the design in the recom-
mendations of distributed cognition and collaborative learn-
ing theories. Furthermore, our hope is that the application
9
serves as a robust example of the role that digital tabletop
technology can play in supporting learning and specifically
in bridging the gap between CSCL and face-to-face collab-
orative learning. Central to this aim is to avoid the pitfall of
using technology to mirror traditional learning and instead
address high impact aspects of learning that digital technolo-
gies are best suited to support, such as reflection.
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